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Abstract
In this paper, we propose a new indirect method for constructing the radio frequency layer of radio environment map
(RF-REM) called self-tuning method (STM). The proposed STM takes into account the characteristics of the operating
environment and performs estimation of the transmitter parameters, i.e. its location, antenna diagram, antenna
azimuth, transmit power, as well the parameters of the propagation model to obtain the best match between the
available measurements and the predicted signal levels. We compare STM to several most often considered existing
methods using different numbers of randomly distributed measurements, which could in practice be obtained in a
participatory-like manner. The performance evaluation of the methods is performed in terms of averaged root mean
square error (RMSE) and 95% confidence interval (CI) calculated between the constructed RF-REMs and the reference
RF-REM, as well as in terms of false alarm zone ratio (FAZR) and correct detection zone ratio (CDZR1). The analysis
shows the robustness of the STM to various spatial distributions of measurements and its fast convergence and low
residual root mean square error compared to the inverse distance weighted (IDW) method, the inverse distance
square weighted method (IDW2), the Kriging method, and the location estimation-based method (LIvE).
Keywords: Cognitive radio; REM; RF-REM; Construction methods; Mobile network
1 Introduction
The nature of radio signal propagation imposes on wire-
less communication systems to share the radio frequency
(RF) spectrum in time and space. Traditionally, the pub-
licly accessible spectrum is divided into the licensed
and the unlicensed frequency bands. This arrangement
is becoming inefficient because more and more radio
resources are needed in geographically limited areas
to meet the increasing capacity demand, calling for
improved spectrum utilization. In fact, several measure-
ment campaigns revealed that many parts of the licensed
frequency bands are often underutilized, while the unli-
censed bands are saturated in time and space [1]. This
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observation led to the emergence of dynamic spectrum
access (DSA) approach, which enables (through the con-
cept of cognitive radio (CR)) more efficient spectrum
usage [2], by exploiting the flexibility of software-defined
radio (SDR). The basic precondition for the device that
makes use of the DSA approach is spectrum aware-
ness, which can be achieved either by the built-in spec-
trum sensing capability or by looking-up in a purposely
deployed and maintained geolocation database of avail-
able radio resources [1].
Research and development of the spectrum sensing
techniques have revealed that the low-cost spectrum sens-
ing devices cannot yet fulfil the sensitivity criteria for a
reliable detection of radio signals at signal levels required
by Federal Communications Commission (FCC) [3] and
Electronic Communications Committee (ECC) [4]. One
proposed solution to overcome the need for high preci-
sion spectrum sensing on each device is a radio environ-
ment map (REM) comprising multi-domain information
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from geolocation databases [1] to allow sharing of unused
spectrum primarily allocated to the television broadcast
services [5]. It is also considered to support hierarchical
spectrum access on licensed bands, spectrum sharing on
unlicensed bands, intra-operator radio resource manage-
ment, and dedicated spectrummonitoring [6]. To support
such scenarios, REM must provide comprehensive up to
date representation of the radio environment with its
selectable and adaptable content details. This is used to
depict past, current, as well as expected conditions in the
area of interest and can be classified into three main cat-
egories or layers related to (i) radio elements, (ii) radio
scene, and (iii) radio environment [7]. Furthermore, REM
content can be divided into long-term information and
short-term information. The first one is slowly chang-
ing, it may be also quasi-static or static. It is related to
TV broadcast and receiver (Rx) stations, mobile oper-
ator base stations (BSs), and other similar transmitters
(Tx). On the contrary, the period of updating short-term
information, such as information about wireless micro-
phones on TV frequencies and other mobile Txs, can
be much shorter. The most important REM content is
the interference information [7] which can be estimated
from maps representing the coverage of an area with the
radio signal, named RF-REM layers or RF-REMs. These
are sub-layers of the radio environment layer and in the
most basic form present the coverage of an area with
the radio signal at a specific frequency. In the literature,
RF-REMs are also referred to as RF environment maps
(RFEMs), radio electric exposure level maps (REELMs),
power spectral density maps (PSDs), and most often sim-
plified as REMs, although the latter term is broadly used
for the entire REM concept. Today, the signal measure-
ments required for RF-REM construction are obtained
by dedicated static sensors or by periodic measurement
campaigns, which results in a static or quasi-static RF-
REM. However, future radio environment when DSA is
supported will be dynamic with heterogeneous wireless
systems competing for the available shared spectrum. In
such radio environment, the existing approaches for spec-
trum measurement will have to be complemented by
distributed spectrum sensing. To this end, a particularly
well-suited approach to the operators of wireless systems
is spectrum sensing by advanced user terminals with spec-
trum sensing capability operating in participatory manner
or dense but irregular deployments of low-cost less sen-
sitive spectrum sensors. With such an approach, signal
level measurements will be provided by heterogeneous
measurement capable devices. The existing RF-REM con-
struction methods are not designed for signal measure-
ments obtained in participatory manner, where data is
provided dynamically in irregular time intervals from ran-
dom locations. They do not explicitly take into account
the operating environment characteristics, and they rely
on large sets of signal measurements to achieve suitable
accuracy.
The main contribution of this paper is a new indirect
RF-REM construction method that is well-suited also to
collection of measurements points using a participatory
sensing approach. Its characteristics can be summarized
as follows: (i) the method takes into account the char-
acteristics of the Tx, i.e. transmit power, antenna dia-
gram, its azimuth and tilt, (ii) the signal measurements
are applied for the propagation model calibration, and
(iii) the method relies on the semi-empirical propagation
model in which the empirical propagation model is com-
plemented with the available information about the radio
propagation environment including the digital elevation
model and clutter information of the geographical area
of interest. We perform a systematic investigation of the
impact of the number and distribution of measurements
in realistic directional Tx scenario and evaluate the pro-
posed RF-REM construction method in comparison to
several existing RF-REM construction methods by using
averaged root mean square error (RMSE) as the perfor-
mance metric. Applying the RMSE metric shows that the
proposed method outperforms most often cited methods
for different spatial distributions of signal measurements.
Furthermore, we show that the existing typically used per-
formance metrics can yield wrong interpretation of the
results when dynamic scenario is considered, since they
do not take into account the different spatial distributions
of measurements available for RF-REM construction in a
given time moment. Nevertheless, we evaluated the con-
sidered RF-REM construction method also in terms of
correct detection zone ratio (CDZR1) and false alarm zone
ratio (FAZR) for the representative number of measure-
ments.
The rest of this paper is organized as follows. We intro-
duce the RF-REM construction in Section 2 and describe
the proposed STM in Section 3. The implementation
setup and simulation scenario definition are provided in
Section 4, whereas performance evaluation of the consid-
ered construction methods is presented and discussed in
Section 5. Finally, Section 6 concludes the paper.
2 RF-REM construction
The construction of REM can be in a most basic form
presented as a construction of RF-REM and deals with
estimating the signal levels at distributed geographical
locations where signal measurements are not available.
The RF-REM construction methods can be classified into
(i) direct methods applying interpolation, (ii) indirect
methods utilizing Tx parameters and propagation mod-
elling [8], and (iii) hybrid methods which combine both
approaches.
The direct construction methods are based on local
neighbourhood, geostatistical, and variational interpo-
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lation [9]. The most widely RF-REM construction applied
interpolation methods for RF-REM construction found
in the literature are the inverse distance weighted (IDW)
method [10], the nearest neighbours (NN) method [11],
the splines methods [12], modification and derivation
of mentioned methods such as the modified Shepard’s
method (MSM) [13], the gradient plus inverse distance
squared (GIDS) method [7], and the Kriging method [14].
Among these, the Kriging method is most often applied
for the direct RF-REM construction, since it is the best
geostatistical linear unbiased estimator that yields a zero
mean residual error and minimizes the error variance.
In the indirect RF-REM construction methods, a Tx
location and/or its parameters are estimated first, and
then, the RF-REM is calculated using radio propaga-
tion modelling. These methods are often computationally
more complex and not as commonly used as the direct
methods. Nevertheless, they can be used to describe the
RF coverage more realistically, especially in the long-term
information REMwhere RF-REM construction time is not
of such great importance as in the short-term information
REM. The indirect methods distinguish three scenarios
where (i) location and other parameters of the Tx are
known; (ii) either the Tx location or its parameters are
known; (iii) both, Tx location and its parameters, are
unknown. In (i), the RF-REM construction is straight-
forward and it is reduced to the calculation of the RF
signal coverage with a propagation model using known
Tx parameters. This approach is also used for the plan-
ning of wireless networks. In (ii), an efficient estimation
of the Tx location is performed if other parameters of
Tx such as the transmit power, the antenna character-
istics etc. are known. After estimating the Tx location,
the approach outlined for the first case can be applied.
On the other hand, if only the location is known, the
Tx power, antenna characteristics and other Tx parame-
ters are estimated by modelling the antenna diagram and
suitable propagation model calibration. In (iii), localiza-
tion of Tx, estimation of its parameters, and calibration
of the propagation model, if considered, are performed
before performing the RF-REM construction with prop-
agation modelling. The recent research in indirect meth-
ods [1,15] follows this idea by proposing the Tx location
estimation-based REM construction method (LIvE). By
providing more accurate RF-REM than the direct Kriging
method, LIvE indicates further research possibilities in the
direction of indirect construction methods.
The hybrid RF-REM construction combines direct and
indirect approaches. For example, in [11], various inter-
polation methods are used first, to interpolate measure-
ments into an image, which is in the case of direct
methods already the RF-REM. Then, identification of
propagation and Tx features is performed by using image
processing techniques. Finally, propagation modelling is
used to construct final RF-REM. A different method is
proposed in [16], where at first, a preliminary RF-REM
is constructed by a simple numerical propagation mod-
elling, which is in the next step corrected according to
the available measurements with the direct construction
approach.
The results from [1] suggest that the LIvE method,
which relies on an empirical propagation model obtained
from the statistical analysis of a large number of mea-
surements and highly dependent on the adaptation to a
specific geographical area of interest, outperforms most
often considered direct methods IDW, IDW2, and Krig-
ing. However, none of these methods is well suited for
consideration of real operating scenarios as they do not
explicitly take into account a priori knowledge available
about the characteristics of the operating environment,
nor they consider the Tx directivity. Namely, in real
operating scenarios with directional Txs or with omni-
directional Txs whose radiation is heavily obstructed or
completely blocked in specific azimuthal direction, appro-
priate modelling of Tx directivity is very important.
Both concerns can be taken into account by using deter-
ministic and semi-empirical propagation models [17]. If
properly selected with respect to the operating environ-
ment, they are usually more accurate than the empirical
models and thus more often considered in practice. The
deterministic models require an enormous number of
operating environment information and huge computa-
tional effort, while semi-empirical models obtained as
their empirical modifications have a moderate complexity.
Our hypothesis is that an indirect RF-REM construction
method based on a semi-empirical propagation model,
taking into account a priori knowledge about character-
istics of the operating environment and modelling the
antenna influence of the Tx, can enhance the accuracy of
current RF-REM construction assuming (i) slow chang-
ing long-term information REM scenario, and (ii) that the
knowledge about the operating environment is available
for RF-REM construction. In the next section, we propose
a new indirect self-tuning method (STM) which is follow-
ing such an approach. It should be noted that STM itself
is not a specific algorithm for RF-REM construction, since
each step of the STM can be implemented and solved in
various ways.
3 STM
The STM consists of three main steps: (i) the data collec-
tion; (ii) the Tx parameters’ estimation and propagation
model calibration; and (iii) the RF-REM construction.
Step 1
In the first step, signal measurements for the RF-REM
construction as well as supplementary data, such as
a digital model of the terrain and the corresponding
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clutter loss data of the geographical area of interest, are
collected.
Step 2
The second step concerns approximation of the Tx loca-
tion, calibration of the propagation model, and an estima-
tion of Tx parameters. This can be in practice performed
with various algorithms on different hardware plat-
forms, so in the following, we only provide one possible
implementation.
Let the pair (x, y) reflects location coordinates. Let us
further assume that in the area of interest for construct-
ing RF-REM, there are N measurements at points (pixels)
which can be denoted as R = {Ri = (xi, yi) , i}. Similarly,
Tx location or an area of possible Tx locations can be rep-
resented as T = {Tj = (xj, yj) , j}. T can be pre-known
or calculated using a suitable localization algorithm (e.g.
based on individual or combined localization technique
such as angle of arrival (AA), timing advance (TA), time
of arrival (TOA), time difference of arrival (TDOA) etc.).
The output of such algorithm is usually an estimated loca-
tion or an area of possible Tx locations, where the Tx can
be found with a given probability. The received power Prxi
[dBm] at i-th Rx location can be estimated as in (1), where
Ptx [dBm] is the transmit power and Lrxi [dB] is the cor-
responding path loss for the operating environment and
frequency band.
Prxi = Ptx − Lrxi = Ptx −
(




In this paper, the sub-GHz mobile communication sys-
tems band is considered as a reference, so we take the
semi-empirical modification of the Okumura-Hata model
implemented as in [18]. Thus, Lrxi is a sum of the path loss
of the empirical channel model Li, diffraction loss Ldiffi ,
loss due to terrain clutter Lcluti , and loss due to the direc-
tional gain Ganti of the Tx antenna. Li follows modified
Okumura-Hata model for open areas (2), where d [m] is
the distance between Tj and Ri,Heffi [m] is the Tx effective
antenna height [18] dependent on the Tx and Rx antenna
height, f [MHz] is the carrier frequency, A0 is the offset,
and A1, A2, and A3 are slope coefficients of the path loss.














Ldiffi is the loss calculated as a knife edge effect on the
main obstacle obstructing the radius of the first Fresnel
zone, based on the elevations of the terrain. Lcluti is
queried directly from the REM storage or an available
external database. Ganti represents generalized antenna
pattern, where θi is the horizontal and φi is the verti-
cal angle between Tx at Tj and i-th Rx at Ri. It assumes
symmetrical or at least approximately symmetrical hori-
zontal and vertical antenna pattern of the Tx to the bore
sight direction θ0 and φ0. In Equation 3, θ0 and φ0 are
the antenna boresight directions, Gmax is the maximum
antenna gain, and FBRθ as well as FBRφ are front to back
ratios, whereas the antenna form is approximated with the
cosine functions to the power ofm and n.













Nowwe define a vector β (4) consisting of parameters of
the empirical propagation model (2) and parameters from
Equation 3.
β = [A0,A1,A2,A3,Gmax, FBRθ , θ0,m, FBRφ ,φ0, n]T .
(4)
As given in (5), the STM finds such j (i.e. Tj from T)
and β that minimize the mean squared error between the
measured and estimated signal strengths. In (5), N is the
number of Rx locations, Pi denotes measured signal level
and Lrxi the semi-empirically estimated path loss at the
location of the i-th Rx, considering the Tx with Ptx at Tj.







( β (Tj))))2 . (5)
The non-linear optimization problem with known typ-
ical lower and upper bounds can be solved in terms
of
( β∗, j∗) = min β ,j F ( β , j) by a suitable optimization
method for solving non-linear optimization problems.
However, if the directivity of the Tx antenna given in (3)
is neglected, i.e. if the omnidirectional Tx antenna is con-
sidered, thenGanti is constant and the optimization objec-
tive (5) becomes linear and can be solved by a suitable
optimization method for linear optimization problems.
Step 3
After solving the optimization problem, the estimated val-
ues for β∗, T∗j , and Ptx are applied in the calculation of
a signal level on individual RF-REM location according
to (6).
Prxi = P̂tx − L̂rxi = P̂tx −
(̂
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4 Implementation setup and scenario definition
In this section, we describe the reference implementa-
tion setup and operating scenario of the proposed STM as
considered in subsequent performance evaluation.
4.1 Reference RF-REM
For the performance evaluation of different RF-REM con-
struction methods, we need a reference RF-REM, i.e. a
reference signal coverage distribution. To this end, we
consider a representative real rectangular geographical
area within Slovenia depicted in Figure 1. The size of the
area is 5.15 × 6.75 km and is represented with digital ele-
vation model with the resolution of 25 m. It consists of
nine different clutter categories. In the area, we consider
a single active Tx for a single channel, similar as in [1].
It is positioned at the location of a BS operating in the
900-MHz frequency band.We take into account the actual
BS settings provided by the mobile operator: the transmit
power of 39 dBm, Kathrein K739650 antenna pattern with
35° of azimuth, and mechanical down-tilt of 2°. The ini-
tial approximation of signal levels is depicted in Figure 2,
where the reference RF-REM has been calculated down
to the threshold of −120 dBm with the wireless network
planning tool GRASS RaPlaT [19], which was calibrated to
the drive-test measurements of themobile operator taking
into account the clutter as well as the shadowing based on
the terrain elevation data. Thus, it can be assumed that the
calculated signal level at each 25 × 25 m RF-REM point is
very close to real situation.
4.2 Scenarios andmeasurements spatial distributions
In order to model distributed measurement sets of var-
ious sizes and spatial distributions, as if obtained in a
participatory manner, the reference RF-REM was sam-
pled at random locations. Since GRASS RaPlaT cannot
introduce random errors at simulated RF-REM points,
this has been subsequently added to the sampled sig-
nal levels at RF-REM points as random values obeying
a log-normal distribution with mean 0 dB and standard
deviation of 8 dB. The probability density function, its
standard deviation and mean value, has been obtained
by analysing measurements collected on the field by the
mobile operator. We found this sufficiently approximates
the real distribution of measurements at individual RF-
REM points. Finally, such participatory measurement sets
were used for the evaluation of the considered RF-REM
construction methods.
When measurements for RF-REM construction are
obtained in a participatory manner, the number and spa-
tial distribution of available measurements in a set may
vary. Consequently, for fair comparison of the perfor-
mance of different RF-REM construction methods, the
methods should be tested for different scenarios which
can occur in practice.
Since measurements can be randomly distributed in the
entire area or only in its sub-regions, we consider three
simulation scenarios formodelling different situations and
thus investigate the impact of spatial distribution of mea-
surements with respect to Tx antenna main lobe on the
accuracy of the RF-REM construction methods. In order
to test the impact of the number and distribution of par-
ticipatory measurements on the RF-REM construction
methods, we sampled the reference RF-REM and gener-
ated 100 different measurement sets of the specific size by
increasing the number of measurement points (and hence
their density) from 10 to 1,000. In the ‘reference’ scenario
I, measurements are randomly distributed in the entire
area of interest, as depicted in Figure 3a. In the scenario
II, the majority (90%) of the measurements are inside the
main lobe of the antenna, as is illustrated in Figure 3b.
The purpose of this scenario is to test the need for anchor
measurement points in the RF-REM construction of a
Figure 1 The geographical area with nine different clutter categories.
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Figure 2 The initial approximation of signal levels in the area.
directional Tx. In practice, however, the location of mea-
surements depends on the operating environment, and
thus, they can be found in certain clutter category more
likely than in the others. In this respect, for the scenario III
shown in Figure 3c, measurements are distributed accord-
ing to clutter categories. The aim of this scenario is not
to simulate real distribution of measurements over clut-
ter but rather to investigate the impact of measurements’
clustering. To this end, we define the distribution of mea-
surements regarding the clutter categories and assume
that measurements in water, i.e. rivers and lakes, and
swamp areas are not available or their number can be
neglected. For other clutter categories, we assume most
measurements in dense urban areas (30%), followed by
urban areas (25%), urban areas without buildings, i.e.
mostly roads, (20%), sub-urban areas (10%), dry open land
areas without special vegetation (7%), agricultural areas
(5%), and forestall areas (3%).
4.3 Implementation of the methods
We implemented the IDW, IDW2, Kriging, LIvE, and
STM methods in Matlab and tested them using the same
measurement sets. For the STM analysis, we consid-
ered two cases, namely having a transmitter equipped
with omnidirectional antenna or with directional antenna.
Considering the omnidirectional antenna, we solved the
linear optimization problemwithout optimization bounds
in the well-defined least square sense by using the Matlab
function mldivide(), similar as the LIvE method for the
omnidirectional Tx case.
For the second STM case study, which includes the
directivity of the Tx antenna, we considered only the hor-
izontal part of the antenna pattern in the optimization
process. This simplification significantly reduces the com-
putational complexity and improves the convergence of
optimization process; at the same time, it does not intro-
duce significant deviation, assuming the measurements
Figure 3 Distribution of measurements in considered scenarios. (a) Scenario I - randomly in space, (b) scenario II - 90% in the main lobe of the
antenna, and (c) scenario III - clutter-dependent clustered distribution.
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are within the main lobe of antenna vertical pattern and
within the validity range of the propagation model, i.e.
from 200 m up to 100 km from the Tx. The impact of
introducing this simplification depends on the antenna
tilt and antenna beamwidth. Figure 4 depicts vertical
antenna gain vs. distance for antenna down-tilt of 2° and
reveals that the impact of not considering vertical antenna
pattern is smaller compared to standard deviation error
between the predicted and measured signal levels, which
is approximately 8 dB, for perfectly calibrated propagation
models. To solve the simplified non-linear optimization
problem in a non-linear least squares sense, we neglected
FBRφ , φ0, and n in β (4) and used the Matlab function
lsqnonlin() with non-equal upper and lower optimization
bounds as given in Table 1. We set the parameters of
lsqnonlin() in a way that the trust-region-reflective algo-
rithm with lower and upper bounds was selected. This
was due to the fact that, first, the nature of our objective
function (a sum of weighted terms including logarith-
mic functions) indicated that the trust-region-reflective
algorithm should be effective in finding the optimum,
and second, a good initial approximation together with
lower and upper bounds were available from the domain
knowledge of the optimization problem. Besides, the opti-
mization procedure turned out to provide stable results
on our data in a reasonable running time. In particular, the
optimization bounds for parameters A0 to A3 were taken
from [20], and θ0 needs to cover all possible azimuthal
directions. Bounds of Gmax, FBRθ , and m were extracted
from antenna diagrams used by the mobile operators
to cover the most typical antennas with the horizontal
patterns approximately symmetrical to their bore sight
direction. The starting input parameters for the function
lsqnonlin() were set according to typical values in mobile
networks.
Other considered parameters were selected or obtained
as follows. The clutter loss information was read from
the clutter database of a mobile operator, the diffraction
loss was calculated from the digital elevation model as a
knife-edge effect, and the Tx height was set to the aver-
age BS height of 20m, while the typical Rx height was
considered to be 1.5 m above the ground level. Since
various localization algorithms can be used to estimate
the area of possible Tx locations T , we did not want to
particularly emphasize any of them. As an example of esti-
mating T in this paper, we first performed simulations of
the TA localization with a typical TA step of 553.5 m by
using considered measurement sets. As can be seen from
Figure 5, when more than ten randomly distributed mea-
surements are available, the area of possible Tx locationsT
on average comprises less than approximately 20 RF-REM
points.
4.4 Performance metric
The accuracy of the constructed RF-REM reflects the
performance of its construction method. This is in the
literature evaluated by comparing the estimated signal
levels in dBm of the constructed and reference RF-REM
Figure 4 The impact of vertical part of antenna pattern.
Pesko et al. EURASIP Journal onWireless Communications and Networking  (2015) 2015:50 Page 8 of 12
Table 1 Lower and upper optimization bounds for the STM considering the directional Tx
A0 A1 A2 A3 Gmax[dBi] FBRθ [dB] θ0[◦] m
Min 20 40 −20 −10 2.15 0 0 0
Max 80 50 0 0 24.4 77.58 360 100
using the performance metrics such as mean squared
error (MSE) [21], mean absolute error (MAE) [9], rela-
tive mean absolute error (RMAE) [22], root mean square
error (RMSE), correct detection zone ratio (CDZR1), and
false alarm zone ratio (FAZR) [1,8,15]. These performance
metrics largely depend on the number and distribution
of measurements available for the construction, so they
are not best suited for comparing RF-REM construc-
tion methods. For example, one RF-REM construction
method can be more accurate than the other at a spe-
cific number of measurements, and if only the distribution
of measurements is changed, the results can easily be
just the opposite. Therefore, we start with comparison
of RF-REM construction methods in terms of averaged
RMSE for different measurement sets of the same size
denoted as RMSE and 95% confidence interval (CI). Next,
we estimate the CDZR1 and FAZR curves, in order to be
consistent with the works [1,15].
As described in Section 4.2, 100 different distributed
measurement sets for a specific size ranging from 10 to
1,000 measurements were generated. For the compari-
son of the methods, we first calculate RF-REM for each
set and then its RMSE. Finally, the RMSE and the 95%
CI are calculated from RMSE values obtained from the
measurement sets of the specific size, for all considered
sizes. CDZR1 and FAZR metrics are calculated only for
the representative case when N = 200 measurements are
available.
5 Performance evaluation and discussion
In this section, we provide performance evaluation of the
proposed STM and compare it to other representative
RF-REM construction methods pointed out in Section 2.
Simulation results on the performance of the considered
methods are summarized in Figure 6 for the three selected
scenarios. Results for the scenario I with randomly dis-
tributed measurements in the entire area are depicted in
Figure 6a,b. In terms of RMSE and the 95% CI, the results
in Figure 6a show that IDW and LIvE methods have sim-
ilar performance, while the IDW2 outperforms both. The
performance of Kriging is comparable to the performance
of IDW2, i.e. it is just slightly worse up to 1,000 measure-
ments. STM without considering the directional antenna
pattern (i.e. assuming omnidirectional transmission) in
general outperforms other methods up to approximately
400 measurements, but it is outperformed by IDW2 and
Figure 5 Average number of possible Tx locations in the area T . For 100 sets with increasing number of randomly distributed measurements N.
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Figure 6 Results of the RF-REM construction for the sets with increasing number of randomly distributedmeasurements. In terms of RMSE
and 95% CI for (a) scenario I, (c) scenario II, (e) scenario III. In terms of CDZR1 vs. FAZR curves for (b) scenario I, (d) scenario II, (f) scenario III.
Kriging, when more measurement points are available.
If estimating also the directional antenna pattern, STM
notably outperforms all other methods for any number
of measurements. The methods which do not consider
antenna pattern (STM with omnidirectional antenna and
LiVE) tend to reach the RMSE saturation at low num-
ber of measurements N . Similar effect is observed for
the IDW direct method, which misestimates the signal
decrease rate with the distance. On the other hand, STM
considering antenna pattern, IDW2 and Kriging exhibit
improved performance with increasing the number of
measurements.
Similar conclusions can be drawn from Figure 6b, where
the performance of methods is compared in terms of
receiver operating characteristics, i.e. using CDZR1 and
FAZR curves. If we consider CDZR1 = 0.9, meaning 90%
of points in RF-REM are correctly detected as white space
similar as in [1], the lowest obtained false alarm ratio
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is achieved by the STM considering directional antenna
at FAZR = 0.0047. Notably higher FAZR values, namely
0.0654, 0.1394, 0.1641, 0.1848, and 0.5951, are achieved
by STM considering omnidirectional antenna, IDW2,
Kriging, IDW, and LIvE, respectively. Poor performance
of direct methods is due to low number of measure-
ments considered, i.e. N = 200, while bad performance
of the LIvE method can attributed to the fact that it is not
considering antenna directivity.
Figure 6c,d depicts the performance of investigated
methods for the scenario II where the majority of the
investigated measurements, i.e. 90%, are within the main
lobe of the antenna, while only some of the measurements
are outside of it. In this scenario, the worst performance
in terms of RMSE and the 95% CI is obtained for IDW,
followed by IDW2. LIvE is better or similar to STM
considering omnidirectional antenna and up to approxi-
mately 100 measurements better than IDW, IDW2, and
Kriging. When more measurements are available, Kriging
method outperforms others, except STM with directional
antenna, which regardless of the number of measure-
ments shows the best overall performance. Similarly, as in
the scenario I, the direct methods which misestimate the
signal decrease rate with the distance and indirect method
LIvE, which does not consider the antenna directivity,
exhibit RMSE saturation with the increasing number of
measurements.
The results for receiver operating characteristics in
scenario II in terms of CDZR1 and FAZR curves are
given in Figure 6d. These results indicate that the STM
notably outperform the other studied RF-REM construc-
tion methods at CDZR1 = 0.9, which provide significantly
worse but similar FAZR, with IDW performing the worst.
Comparison of the results to those obtained for the sce-
nario I shows that all methods, except the STM with
omnidirectional antenna, exhibit significant performance
degradation. This is a consequence of measurements clus-
tering in the main lobe of Tx antenna only. Additionally,
the results indicate that both versions of the STM have
comparable performance. This is due to less accurately
estimated Tx antenna in the case of the STM with direc-
tional antenna and more accurately estimated location
and parameters of the Tx in the case of the STM with
omnidirectional antenna.
The results in Figure 6e,f show performance com-
parison of the investigated methods for the scenario
III where measurements are being distributed in clus-
ters according to clutter categories in the area of inter-
est. In terms of RMSE and the 95% CI, the IDW,
LIvE, and Kriging methods are similar up to 200 mea-
surements, when the performance of Kriging starts to
improve and becomes comparable to the performance of
IDW2 and STMwith omnidirectional antenna at approxi-
mately 1,000 measurements. STM considering directional
antenna demonstrates the smallest RMSE regardless of
the number of available measurements. The CDZR1 vs.
FAZR results in Figure 6f show that also in this sce-
nario, STM considering directional antenna guarantees
the best performance in finding the white space loca-
tions. At CDZR1 = 0.9, it achieves FAZR = 0.0058. It is
followed by STM considering omnidirectional antenna,
LIvE, IDW2, IDW, and Kriging with FAZR values equal to
0.1478, 0.6521, 0.6932, 0.7186, and 0.7720, respectively.
In the performance analysis, we showed that the RF-
REM construction is highly dependent on the spatial
distribution and the number of available measurements
and that ignoring the Tx antenna directivity affects all
methods. Consequently, the STM with estimating the
antenna directivity clearly outperforms all other methods
in all considered scenarios. This reconfirms the conclu-
sions based on our preliminary results [23] that RF-REM
construction can be notably enhanced by using an indi-
rect method, in particular with semi-empirical propaga-
tion model taking into account the characteristics of Tx
and operating environment. The trade-off for the perfor-
mance improvement is of course the increased compu-
tational complexity compared to other methods, which
can be in practice efficiently addressed by parallel pro-
cessing on platforms such as multi-core central process-
ing units (CPUs), digital signal processors (DSPs), field-
programmable gate arrays (FPGAs), graphics processing
units (GPUs), and massively parallel processor arrays
(MPPAs) [24]. Generally speaking, the indirect methods
are more suitable for low number of randomly distributed
measurements, while the direct methods outperform the
indirect ones at higher number of measurements. How-
ever, various spatial distributions and RF-REM resolutions
may break this simple general rule. For example, clustering
the majority of measurements in the main lobe of the Tx
antenna, as assumed in the scenario II, notably decreases
the performance of all methods compared to the scenario
I with measurements distributed across the entire geo-
graphical area. This can be explained with the fact that the
main lobe of the considered Tx antenna for obtaining ref-
erence RF-REM only covered approximately one quarter
of the area of interest.
As shown on the case of the scenario III, clustering of
measurements across the entire area of interest accord-
ing to clutter categories yields very similar results to
entirely random distribution of measurements, suggesting
that realistic clustering as expected from mobile termi-
nals could be potentially used for RF-REM construction
of mobile networks BSs. Still, further research into this
direction should be carried out by taking into account all
BSs and coverage areas of the considered mobile operator
and more realistic modelling of Rxs distribution over clut-
ter categories. The usage of confidence intervals and in
particular their width obtained for sets with low number
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of measurements indicate that the performance of the
considered methods is very sensitive to the number and
distribution of measurements. Moreover, evaluating the
constructed RF-REM in terms of other performance met-
rics outlined in Section 4.4, can yield wrong interpretation
of the results, as they do not take into account the dif-
ferent distributions of measurements which can occur in
measurement sets of the specific size.
Finally, for practical implementation, it is necessary
to analyse also the computational complexity of com-
pared RF-REM construction methods. If there are N
measurements available in a given time moment and M
RF-REM locations for estimating signal levels, the compu-
tational time complexity of the IDW and IDW2 methods
is O(MN) [7]. If there are K out of N measurements
within the local neighbourhood window for the ordinary
Kriging interpolation, the computational time complexity














by using Coppersmith-Winograd algo-
rithm [8]. If the STM considering the omnidirectional
antenna solves P linear optimization problems, which
dominate the complexity with involving the matrix inver-
sion, its computational-time complexity is P times of the
LIvE method. P is the number of potential Tx locations in
T and is dependent of the accuracy of the selected local-
ization algorithm. On the other hand, the operation of
the STM considering the Tx antenna directivity mainly
depends on the selection of the non-linear optimization
algorithm and its implementation. These issues were not
the main focus of this paper and remain to be investi-
gated as part of our further research, but we can note here
that the price for the best performance of the STM is the
highest computational-time complexity.
6 Conclusion
In this paper, we first presented the overall concept of
REM and outlined the importance of its RF-REM layer,
which is a strong tool for supporting DSA, radio resource
management, and radio network planning. We focused
on the RF-REM construction and proposed a new indi-
rect method called STM. Its performance was compared
to the IDW, IDW2, Kriging, and LIvE methods based on
the simulated distributed measurements in a directional
Tx scenario, which could in practice be obtained in a
participatory manner. From the information provided by
the mobile operator, we simulated the reference RF-REM
of a single Tx to which the constructed RF-REMs were
compared to obtain their performance in terms of RMSE
and 95% CI, as well as with CDZR1 vs. FAZR receiver
operating characteristic curves, for the representative
case of N = 200 measurements. Simulation results show
that the performance of RF-REM construction methods
clearly varies with the number of measurements and with
measurement distribution across scenarios, which can
occur in practice with respect to directional Tx. It has
been shown that clustering of measurements in the main
lobe of the Tx antenna notably decreases the performance
of all construction methods, especially of the direct meth-
ods if the application goal is finding the white spaces in
the entire geographical area. Moreover, although direct
RF-REM construction is more often considered than the
indirect construction, it has been shown that a more
accurate RF-REM can be constructed already from small
number of randomly distributed measurements by using
an indirect construction method with a semi-empirical
propagation model taking into account the characteristics
of the Tx and the operating environment. Modelling of the
Tx antenna proved to be of particularly great importance,
although it introduces increased computational complex-
ity, but this can be in practice efficiently addressed by
using parallel processing techniques.
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